Abstract : Functionalized polymer nanoparticles have been synthesized by emulsifier-free emulsion polymerization of styrene with amino-functionalized monomers.
Introduction
The conjugation of sugars onto organic supports has attracted much attention in the last decade because of potential applications in biomedical fields. Polymeric nanoparticles that have a variety of functional groups on their surfaces can be used biomedically as drug carriers or cell markers. In this respect, synthetic nanoparticles incorporating sugar residues on the surface have been developed using various synthetic routes. Two main ways can be considered: (A) the dispersion/emulsion polymerization and (B) the self-association of amphiphilic block copolymers into supramolecular assemblies.
Using the method (A), Pichot [1] [2] [3] and Davies [4] report the one step preparation of polystyrene latexes bearing saccharide surface groups by emulsifier-free radical polymerization. Their strategy consists in the incorporation of a surface-active sugar monomer in the latex recipe. Using dispersion polymerization, Akashi [5] [6] reports different strategies for the preparation of glycosylated nanoparticles. For example, polymeric nanospheres with polystyrene core and sugar corona were prepared by free-radical copolymerization of styrene with a glycosyloxyethyl methacrylate macromonomer in a mixed ethanol/water mixture. The size of the nanospheres varies from 300 to 650 nm according to the monomer ratio. More recently, Yaacoub [7, 8] reported the free-radical batch emulsion polymerization of a hydrophobic sugar derivative-based monomer and studied the effect of emulsifier and initiator concentration on either the polymerization kinetics or the colloidal properties.
Using the less commonly used method (B), Haddleton [9] describes the preparation in water of aggregates/micelles from block copolymers containing α-terminal sugar residues and studied their binding properties toward appropriate lectins. Recently, Wooley [10] describes the preparation of saccharide-functionalized shell cross-linked polymer micelles from mixed micelles composed of poly(acrylic acid-b-methyl acrylate) and mannosylated poly(acrylic acid-b-methyl acrylate). The authors evaluate the bioactivity of the mannose units using the model lectin Concanavalin A.
Another approach was reported by Akashi [11] , which combines dispersion copolymerization followed by surface modification and grafting of sugar molecules. The authors described the preparation of highly polydispersed nanoparticles ranging in size from 300 to 700 nm. The particles were synthesized first and then lactose was introduced onto surfaces by the lactonization of lactose. This concept was used in the present study. The aim of this study was to elaborate a strategy for the easy preparation of glycosidic nanoparticles that could be extrapolated for the grafting of complex sugars. Indeed, sugar-coated polymeric nanoparticles were obtained by surfactant-free emulsion polymerization followed by surface modification of the nanospheres in order to graft the glycosidic groups. This study deals with the influence of various parameters governing the nanoparticle size, the density of sugar groups and the grafting yield in view of assessing the potential of this system for the grafting of biologically interesting sugars.
Results and discussion

Preparation of amino-functionalized nanoparticles by emulsion polymerization
In the first step, the objective was to prepare amino-functionalized nanoparticles with high density of amino groups and narrow size distribution for immobilizing biologically active sugars. Among the different heterogeneous processes (emulsion, precipitation, dispersion polymerization) reported in literature [17] , emulsifier-free emulsion polymerization appeared as the most appropriate one. Indeed, it is a versatile and convenient method for producing particles exhibiting different molecular and colloidal properties [18, 19] . In this study, nanoparticles were prepared by radical emulsion copolymerization of styrene with a functional aminated monomer according to conditions given in the literature by Pichot and Ganachaud [20] [21] [22] with slight modifications.
Two different aminated comonomers presented below (Scheme 1) were used: comonomer A 2-aminoethylmethacrylate with a polymerizable methacrylate group and comonomer B 4-(2-aminoethylthio)methylstyrene with a styrenic group. Their emulsion copolymerization with styrene is performed in water at 70°C with 2,2'-azobis(2-methylpropionamidine) (V50) as initiator and with divinylbenzene as reticulant. In literature, many studies report the very strong influence of the functional monomer on the polymerization mechanism and on the particle properties (size and size distribution) [21] [22] [23] .
The hydrophilic monomer A is well known in emulsion polymerization. Several authors described its ability for the preparation of latexes [20] [21] [22] 24] . This monomer is largely water phase soluble as previously reported. During emulsion polymerization, this monomer first reacts with solubilized styrene molecules through initiator decomposition. Surface-active oligomers are first formed leading to nanoparticles according to coagulative nucleation theory. One disadvantage when using functional water-soluble monomer is the possible formation of undesirable water-soluble oligomers and polymers. In opposition to monomer A, monomer B is more hydrophobic and was not soluble in water. Indeed, its water dispersion (0.5 mg/mL) leads to the formation of aggregates (hydrodynamic diameter around 80-100 nm) as observed by PCS due to its surfactant character. This type of monomers is called polymerizable surfactants or "surfmers" and gives highly functionalized nanoparticles [25] [26] [27] [28] . No studies of the surface activity of monomer B have been performed yet.
Using monomers A and B as comonomers, emulsion polymerizations of styrene were performed with different molar ratio of these monomers. Particle size and size distribution of final latexes (for a polymerization time of 24h) obtained by PCS and the styrene conversion determined gravimetrically are reported in Table 1 .
In this surfactant-free emulsion polymerization, functional and charged groups from the monomers (amine) and the initiator fragments (amidine) assure the stability of the nanoparticles. For sake of comparison, an emulsion-polymerization was performed without aminated monomer (run PS0, Table 1 ). Figure 1 shows the evolution of particle size with conversion and Figure 2 Particle size increases with monomer conversion and the final particle size (reaction time of 24 h) is a function of the aminated monomer concentration. From Figure 3 and 4, it can be seen that increasing the aminated monomer concentration (molar ratio between 0.5 to 10%) allows decreasing the particle size. Indeed, the hydrodynamic diameter decreases from 191 to 83 nm and from 167 to 45 nm for monomer A and B respectively. This is a general trend that has been previously observed in emulsifierfree emulsion polymerization in the presence of functional monomer [21] . For lower molar ratio of aminated comonomers, very narrow size distribution is obtained (PDI < 1.1). Broadening of the particle size distribution occurred for both monomers at high functional monomer molar ratio (> 4%). Comparison of results obtained with monomers A and B shows some differences. With monomer A bearing a methacrylate polymerizable group, it is not possible to increase its molar ratio more than 5%. Indeed, PCS shows the formation of large aggregates with a micron size order probably with hydrophilic polymers in solution.
With monomer B bearing a styrenic polymerizable group, smaller nanoparticles sizes were obtained and the molar ratio of this monomer can be increased at least up to 10% due to its surfactant behaviour. However, using monomer B at high molar ratio gives rise to broader size distributions (for example: run PS8 to PS10, PDI > 1.15 and image C'). These aminated nanoparticles are used for the grafting of sugar molecules. In order to optimize this grafting, the amount of amino groups incorporated on the particles was accurately determined by colorimetric titration with picric acid [14, 15] and by elemental analysis. Colorimetric titration with picric acid was performed for all samples in order to calculate the amount of primary amino groups on the surface. It is a fast and convenient procedure for measurements performed with an insoluble polymer.
Results are reported in Table 1 (columns 7 and 8). The aminated nanoparticles are treated with a solution of picric acid to form a salt with the polymer-bound amino groups. After thorough washing to remove excess of picric acid, the resin is treated with an excess of a strong base that quantitatively releases the picrate salt from the polymer into the solution. The concentration of picrate salt in this solution is determined spectrophotometrically and reflects the amine content on the nanoparticles.
In order to confirm these results and to obtain more information about the surface functionality (presence of amidino groups coming from the initiator), one sample was subjected to elemental analysis. The results are presented below (Table 2) .
Elemental analysis results allow us to calculate the density of aminated groups. The obtained value (1.6 NH 2 /nm 2 ) is in good agreement with the value obtained by colorimetric titration with picric acid (1.46 NH 2 /nm 2 ) and confirms the achieving of highly functionalized nanoparticles. These amino-functional nanospheres are solid supports for the covalent binding of sugars using two different reactions: amidation and reductive amination.
Tab. 2.
Results of elemental analysis of aminated latex (run PS8 in Table 1 
Glycosylated nanoparticules prepared by amidation reaction
The reaction of amino-functionalized particles with sugar lactones was first studied. These lactones (Scheme 3) were prepared in two steps by oxidation of sugar (lactose, maltose and maltotriose) with hypoiodite followed by esterification reaction according to literature procedures [12, 13] . In addition, these results were supported by infrared spectroscopy. Indeed, formation of a new bond at 1653 cm -1 for the amide band and formation of a large band for alcohol functions centred at 3385 cm -1 were observed ( Figure 5 ). Scheme 5. Sugars titration using the phenol-acid sulphuric colorimetric method.
The grafting reaction (Scheme 4) was performed at 60°C in methanol under alkaline conditions. Amide bonds were formed by the nucleophilic addition of primary amine with carbonyl group [30] . Results are reported in Table 3 . The amount of sugar covalently fixed was determined by the phenol-sulfuric acid colorimetric method [16] . This titration method is simple, rapid, sensitive and specific for carbohydrates and can be applied to di or trisaccharides. Sugar-coated nanoparticles were treated with trifluoroacetic acid in order to hydrolyze the glycosidic bond. Then, the sugar solubilized in water was reacted with phenol-sulphuric acid to form a coloured compound according to Scheme 5. The sugar concentration is obtained spectrophotometrically after determination of a calibration curve.
The amount of sugar conjugated on the nanospheres varies between 0.5 to 1.15 molecules by nm 2 according to the initial amino group density and experimental conditions. Good yields were obtained (superior to 50% for the most part). 
Glycosylated nanoparticules using reductive amination
Another way to perform glycosylation of nanoparticles is reductive amination. This well-known reaction takes place between an aldehyde and a primary amine under reductive conditions. First, commercial sugars (lactose, maltose and maltotriose) (scheme 6) were used with NaBH 3 CN as reducing agent in a mixture DMF/water (10/1) and with a molar excess of sugar. The reaction was performed at 60°C during 48 hours and the nanoparticles were washed with a large volume of water in order to eliminate non-reacted species before sugar titration.
The results are reported in Table 4 A decrease of reaction yield is observed by increasing the molar mass of the grafted sugar (for example, 71% yield with lactose compared to 39% with maltotriose) probably due to steric requirements. Then, in order to limit this problem, a solution is to introduce a spacer group between the sugar fragments and the nanoparticles. Then, reductive amination is performed using an aldehydic sugar derived from galactose: the galactopyranosylethanal. This sugar is easily prepared in two steps according to conditions previously described in literature with some modifications (Scheme 7) [31, 32] .
Two experiments of reductive amination using the comonomer B and this aldehydic sugar were performed. Results are reported in Table 5 . In this case, the reaction yields determined by sugar colorimetric titration are around 60%.
Furthermore, this reaction using aldehydic sugar derived from commercial galactose can be extended to more complex oligosaccharides. For example, in our group [33, 34] , some of us study the preparation of disaccharides, which are essential building block for the synthesis of heparan sulfate fragments. These disaccharides prepared with anomeric allylic group could be derivatised to intoduce aldehydic group and grafted on nanoparticles in order to study their interactions with proteins of therapeutic interest. 
Conclusions
Core (polystyrene)-shell (sugar) nanoparticles were prepared in two steps. First, amino-functionalized nanoparticles with different sizes and narrow size distribution were obtained by surfactant-free radical emulsion polymerization. Two different amino-containing monomers were used: 2-aminoethylmethacrylate and a new monomer with a styrenic polymerizable function, 4-(2-aminoethylthio)methylstyrene. The diameter of the nanoparticles can be modulated according to the concentration of the amino-containing monomer. Two approaches were applied to decorate the surface of the nanoparticles with sugars: the reductive amination and the amidation reaction. Model commercial sugars such as maltose, lactose and maltotriose and another one prepared in two steps and possessing a spacer group (the galactopyranosylethanal) was grafted. Comparison of these two reactions gives similar yields with a grafting density around 0.5 and 1 molecule/nm 2 . Colorimetric sugar titrations and infrared spectroscopy have showed that di-and tri-saccharides were successfully grafted onto nanoparticles. This type of nanoparticles on which sugars were covalently fixed is well suited to study their recognition mechanism by proteins and to develop biomedical applications.
Experimental part
Materials
Styrene (Fluka, 99 %) was dried over CaH 2 and purified by distillation under reduced pressure. 2,2'-azobis(2-methylpropionamidine) dihydrochloride (V50 from Aldrich, 97%) was recrystallized from a 50/50 water/acetone mixture. 2-aminoethylmethacrylate hydrochloride (Aldrich, 90%) (monomer A) was purified by recrystallization from ethanol. Picric acid (Fluka, >98%) was recrystallized from ethanol. Divinylbenzene (mixture of isomers, Aldrich, 80%), 4-vinylbenzyl chloride (Aldrich, 90%), D-galactose (Aldrich, 97%), alpha-D-lactose monohydrate (Acros, 99.5%), D-(+)-maltose monohydrate (Fluka, 99%), maltotriose hydrate (Aldrich, 95%), sodium cyanoborohydride (NaBH 3 CN) (Aldrich, 95%), N,N-dimethylformamide (DMF, Aldrich, 99.8%), triethylamine (Acros, 99%), diisopropylethylamine (Acros, 98+%) and methanol (Normapur) were used as received. Allyl alcohol (Acros, 99%) was dried and distilled under magnesium. Boron trifluoride-diethyletherate (Aldrich) was distilled under reduced pressure. Lactonolactone, maltonolactone and maltotrionolactone were prepared as reported elsewhere [12, 13] . MilliQ water (Millipore) was used for all the experiments. Reactions were monitored using TLC on glass Silica Gel 60 F 254 plates and materials were located either visually under UV light at 254 nm or with a solution of sulphuric acid (5%) in ethanol followed by heating. Flash column chromatography was performed on Silica Gel 6-35 μm.
Synthesis of monomer B
In a Schlenk tube under argon atmosphere, 2-aminoethanethiol hydrochloride (3.73 g, 3.28x10 -2 mol) was solubilized in methanol (50 mL). The mixture was purged by two cycles vacuum-argon. Then, sodium methoxide (3.54 g, 6,56x10 -2 mol) was added and was allowed to react at room temperature for 3 hours. Vinylbenzyl chloride (4.9 mL, 2.96x10 -2 mol) was added and the reaction took place overnight. Dichloromethane was added and the mixture was filtered in order to remove the salt. 
Synthesis of an aldehydic sugar
To a suspension of D-glucose (2 g, 11 mmol) in anhydrous allyl alcohol (16 mL) was added BF 3 etherate (0.2 mL, 1.63 mmol) and the mixture was heated under reflux for 6h. The solution was cooled, concentrated to syrup and submitted to column chromatography in order to remove some impurities (MeOH/CH 2 Cl 2 4:1 (v/v)). Yield: 61%. 1 The allyl glucose (0.3 g) solubilized in methanol (6 mL) and dichloromethane (6 mL) was maintained at -70°C and ozone was bubbled into the solution for 10 min. The cold, blue solution was flushed with argon for 10 min, dimethyl sulfide (0.3 mL) was added and the solution was left at room temperature for 3 h. The solvents were evaporated to give a solid product. TLC plates showed that the compound had been completely converted to the oxidised product. 
Preparation of amino-functionalized nanoparticles by emulsion polymerization
Polymerizations were performed under an argon atmosphere at 70°C. The mechanical stirrer was adjusted to 300 rpm. Water (100 mL), styrene (6 g, 5.76x10 -2 mol), divinylbenzene (0.3 mL, 2.11x10 -2 mol) and monomer A or B (0.5, 1, 2.5, 4, 5 or 10 molar %) were introduced and the mixture was purged with argon. Then, the initiator V50 (0.1 g, 3.69x10 -4 mol) dissolved in water (2 mL) was added. The reactions were run for 24 h and the conversion referring to the styrene was determined by thermogravimetry. Sampling was carried out at given intervals to follow the particle size and polymerization kinetics. Latexes were purified by being dialyzed against water (cut-off 30 000 kD) for 5 days in order to get rid off the non-reacted monomers. Water was evaporated by freeze-drying.
Grafting of sugars by reductive amination
Latex powders (300 mg) were dispersed in a DMF/water (10/1) mixture by sonication. After addition of sugar (10 equivalents/NH 2 ) and NaBH 3 CN (10 equivalents/NH 2 ), the reaction mixture was stirred at 60°C for 48 hours. The suspension was filtered, washed with a large volume of water and dried by freeze-drying.
Grafting of sugars by amidation reaction
Latex powders (300 mg) were dispersed in MeOH/Et 3 N (10/1) mixture by sonication. The lactone (10 equivalents/NH 2 ) was added and the mixture solution was heated at 60°C for 24 hours. The product was filtered, washed with a large volume of water in order to eliminate residual sugar and dried by freeze-drying.
Amine group titration [14, 15] Polymer (10-15 mg accurately weighted) was dispersed in 3 mL of dichloromethane. In order to remove residual salts from the amino groups, the suspension was treated with 1 mL of 0.1 M diisopropylethylamine (DIPEA) in dichloromethane and the excess was removed by centrifugation (twice). Binding of picric acid to the amino groups was performed by introducing 0.1 M of picric acid in dichloromethane (1 mL) and allowing the reaction to proceed for 1h. The mixture was centrifuged three times in order to remove the unbound picric acid. The bound picric acid was removed from the amino groups via reaction with a large excess of DIPEA. The concentration of the DIPEA picrate was measured at 358 nm after suitable dilution. The concentration of amino groups was calculated using the Beer-Lambert relation (ε = 14,500 L.mol -1 .cm -1 ).
Sugar group titration [16]
Latex powders (50 mg accurately weighted) were dispersed in trifluoroacetic acid (7 mL, 2N water solution) by sonication and the mixture was heated at 120°C during 3 hours. The suspension was filtered and washed with water. The filtrate was concentrated and the volume adjusted to 0.5 mL (or 1.0 mL) in water. 200 μL of this sugar solution (or 100 μL and 100 μL of water) was pipetted into a tube. 200 μL of 6% phenol solution (dissolved in water) was added and mixed. Then, 1 mL of 96% sulphuric acid was added. A blank is prepared with 200 μL of water instead of sugar solution. Absorbances were measured at 490 nm. The absorbance of the blank was subtracted and the amount of sugar is determined by reference to a standard curve previously prepared for the particular sugar being assayed.
Characterizations
Particle size and size distribution of latexes were determined by photon correlation spectroscopy (PCS) using the Zetasizer Nano particle analyser (nano-ZS, ZEN3500) from Malvern. Measurements were performed at 25°C after dilution in water; data treatment was done with the Dispersion Technology Software (DTS) from Malvern.
For transmission electronic microscopy (TEM) measurements, a JEOL 2000EX LAB6 (200 kV) apparatus was used. 10 μL drop of the latex solution were placed on a carbon-coated 200 mesh copper grid before analysis.
Styrene conversion was determined by thermogravimetry using a Sartorius balance (MA45).
Colorimetric titrations were performed using an UV/visible apparatus (CARY-1E, Varian) working at a wavelength of 358 nm for amines titration and of 490 nm for sugars titration at room temperature.
Infrared spectra (transmission measurements) were recorded on a Fourier transform Brucker IFS66 spectrometer using KBr pellets.
N.M.R. spectra ( 1 H and 13 C) were recorded at room temperature with a Brucker AC 250 spectrometer.
Elemental analyses were performed at the CNRS (Gif sur Yvette, France).
